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ABSTRACT

The use of ultrasonic methods (and in some cases electrical conductivity measure-
ments) for studying defect formation and motion in connection with deformation and
stress cycling experiments in aluminum and sodium chloride single crystals is the
subject of this report.

Previous work has shown that the observed ultrasonic changes are closely
associated with changes in dislocation behavior. It was shown that it was possible
to use deformation experiments in such a way that the results could be related to
the action of the slip systems and to their orientation. It was shown that disloca-
tion breakaway, easy glide, and dislocation multiplication were indicated by atten-
uation and velocity changes.

Measurements on large single crystals of sodium chloride, deformed in tension,
have been made in a manner similar to that with aluminum for the purpose of comparing
the dislocation damping and recovery effects in an ionic crystal with those in a
metal* In addition there is significant information from electrical conductivity
measurements made concurrently with attenuation and velocity measurements.

Recovery in aluminum single crystals at 195°K has been compared with recovery
at room temperature with the result that an interesting "threshold effect" has been
observed; there appears to be a level of deformation which must be exceeded, at this
temperature before recovery occurs.

Stress cycling experiments on aluminum single crystals cycled in tension and
campression have shown some interesting consequences in comparison with our earlier
results on polycrystalline samples. Single crystals (high purity) can be cycled at
levels much higher relative to yield stress and breaking stress than can polycrystal-
line (commercial purity) samples at the same time the stress level can be raised in
stepi, during cycling until it is one and a half to two times (at least) the stress
that would be required initially to break the single crystal sample.

The automatic recording time echo (or velocity) measurement unit has been designed
to measure the time between two successive echoes in a pulse echo train with a
sensitivity of one nanosecond out of one hundred microseconds and to record the meas-
urement as a voltage capable of driving a recorder so that dynamic changes in time
(that cannot be measured manually) will produce a record. The system must be inde-
pendent of variations in repetition rate, and time jitter, and change in amplitude of
the echoes selected. These aims have been accomplished in the trial model of this
device. In particular it has been found that no change in center frequency or band-
width is seen over a 40 db range of gain control nor does an artificial change of 40 db
in signal level produce a detectable change in measured ttme.

This technical documentary report has been reviewed and is approved.

. V. 'Ii.-.dtp

C.ief, Streagth 6. Dyivxn.ic:ý Branch
Metals and Ceremics Division
tir Force Materials Laboratory
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INTRODUCTION

The purpose of this investigation is that of understanding the physical changes

which are detected and continuously measured in aluminum and in certain ionic crystals

during deformation and stress cycling0 The investigation involves the study of im-

perfection behavior generally, and specifically the interaction of point defects with

moving and vibrating dislocations. The study of metals and ionic crystals offers in-

formation specific to these two types of materials as well as information on imperfec-

tion behavior in general.

Previous work has been concerned with aluminum single crystals oriented for single

slip and for "polyslip" deformed in tension, at room temperature. Simultaneous meas-

urements of attenuation and velocity changes were made continuously during tensile

deformation. The observed changes in attenuation in the polyslip orientations are

consistent with an explanation based on the number of equally favored slip systems in

each case. The results on crystals oriented for single slip indicate that in the easy

glide range of strain hardening, dislocation multiplication is confined to the primary

slip system only. The end of easy glide is associated with dislocations multiplying in

other slip systems. An increase in attenuation is also observed prior to the onset of

the macroscopic yield. This increase is attributed to an increase in dislocation loop

length, caused by a breakaway mechanism.

In the early stages of deformation, for all orientations, an increase of ultra-

sonic velocity, relative to the unstrained condition, is observed. This initial in-

crease in velocity is discussed under the "anomalous velocity effect" and the effect

forms one of the strongest tests of dislocation damping theory. Similar deformation

experiments have been carried out on sodium chloride single crystals.

During the past year we have extended this work in the direction of studying the

charge distribution and conductivity in alkali halides and the association of these

Manuscript released by the authors 1 April 1963 for publication as an ASD Technical
Documentary Report.
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properties with plastic deformation* More specifically, we have studied the charge

transported by moving dislocations during plastic strain as well as the conductivity

change at different temperatures associated with plastic deformation in alkali halidesm

In addition to conductivity measurements the changes in the material are detected and

followed by the measurement of ultrasonic attenuation and velocity using pulse echo

methods in the low megacycle range of frequencies. A discussion of our earlier work

is given together with further references, in our annual report, dated February, 1962,

entitled "Ultrasonic Methods in the Study of Fatigue and Deformation in Single Crystals"

Technical Documentary Report No. ASD-TDR-62-186.

The present report is concerned with the following topics:

1. Discussion of measurements and results concerned with the recovery after

deformation of aluminum single crystals at room temperature and at 195°K

as well as conditions for deformation with no recovery.

2& Anomalous Velocity Effect.

3& Deformation in Ionic Crystals (NaC1, LiF)

Ultrasonic attenuation and velocity changes associated with dislocation

motion during deformation. Conductivity or charge effects arising from

dislocation motion during deformation.

4. Stress Cycling of Single Crystal Aluminum

Ultrasonic changes and stress-strain changes as a function of cycling

for about 3 x 106 cycles.

5& Automatic Recording Velocity Measurement Unit.

It should be noted that each of the above mentioned sections can stand by

itself, and that the figures are nmubered consistently within each individual section*
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1. Recovery of Aluminum

Recovery of aluminum (and other solids), following deformation, is observed in

both attenuation and velocity measured as a function of time until the attenuation

has dropped (or the velocity increased) to a steady value. The final value may be

the same as the initial value of attenuation (or velocity) before deformation. In

other words the attenuation may recover completely or partially toward the initial

value before deformationa

The recovery process is one in which the dislocations are repinned (the loop

lengths shortened) by the point defects which migrate to the dislocations as a

function of time after the deformation has been stopped. The recovery process will

proceed whether or not the load is removed* At room temperature the recovery will

proceed rapidly as soon as the loading is stopped,. Of course some recovery is present

during the loading process, and if the loading is done very slowly the recovery may

nearly cancel the unpinning process.

The manner in which this repinning occurs is sensitive to the conditions under

which the point defects must operate. Recovery is sensitive to temperature, to purity,

to dislocation density, to types of dislocation and so on. Recovery measurements

should also reveal whether more than one type of point defect is involved in the re-

covery process* Study of recovery may allow a determination of the period of time,

during the pinning process, for which the diffusion of point defects limits or deter-

mines the rate of recovery. Recovery measurements at low temperatures, when compared

with similar measurements at room temperature, will reveal whether a particular point

defect is sufficiently active at various temperatures to cause pinning and in this

way mar help to identify what point defect is under examination. With two (or more)

types of point defects involved in pinning it should be possible to separate the

effects of each type by doing recovery experiments at several different temperatures



including a tenperature which "stops" one defect and leaves the other active, and

finally at a temperature which "stops" the second defect also. This may, of course,

not be possible, but if it is, one can hope to find out what the defects are and how

many types are involved.

With such ideas in mind we have examined the recovery of pure aluminum single

crystals at room temperature and at 1950 K with the intention of continuing at lower

temperatures.

Several results of interest have emerged. The recovery behavior has been shown

to obey the "t213w law rather well during the first stages of (30 minutes) recovery.

An interesting "plateau" appears in the recovery curve at low temperatures but not at

room temperature. In addition it has been found that there is a threshold in the de-

formation below which recovery does not occur at all at the lower temperature.

Figure I shows a room temperature recovery curve (with load removed) for com-

parison with the recovery curve of Figure 2 taken at 195 0 K. The data of Figure 2

show the plateau mentioned above; the plateau has always appeared as shown with alu-

minum, and it may be noted that a very similar effect appears when sodium chloride

is irradiated at 77•K with Co6o gamma rays.

Dislocation damping theory shows that the attenuation should depend on loop

length (average) L, dislocation densityA, and ultrasonic frequency W, ( 2 T)

in the following way

ce= K1 ~2AIL 4  db//,4"see4

where
K =8.68 x 10- 6 ( 4Gb2)

7rT4c 7/- C

The dislocation loop length should decrease during recovery and the decrease in

loop length shouJd depend on the concentration of effective pinning agents c(t) added

during recovery to the initial average loop length Lo. Then the loop length at ary
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time t after recovery begins will be L = L

From arguments involving the diffusion of point defects it can be deduced that the

S2/3 AID 2/3
concentration of pinning points o(t) =//3 t2 where/1 = constant (wT) where

A is a factor indicating the strength of the Cottrell attraction between dislocations

and point defects. Using c(t) =/: t2/3 leads to

41
cxý = K, ) 2 ALok [ 1+2/3-14

A, , and Lo are regarded as fixed quantities during recovery and we normalize

to K•1 LA Lo hence °•n =[ +/ t2/3 4 and from this it is evident that

i[O~n'l -, _ 1 =/et213

Using the data of Figure 2, [n-/4 _ 1] is plotted as a function of t2/3 in Figure 3

where it is seen that the relation is a linear one. The value ofd obtained at 1950K

from Figure 3 is 0*12 (min)-2/3. The ultrasonic frequency used in these frequencies

was 20mrc/sec and the purity of the aluminum was about 99.998%.

The interest in values of1 arises from the fact that activation energies for

motion of the relevant point defects can be found from plots of log 1B as a function

of because these curves should be straight lines with slope equal to (2/3)UkT

where U is the activation energy for the migration of the point defect effective in

the pinning process. If /I is evaluated at two temperatures T, and T it can be shown
1/- 2

that the activation energy U may be obtained from the expression

j'2 1l

Measureents of this type have been made at 1950 K and at 295 0 K. There are,

however, difficulties which we have encountered in interpreting the results of these
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measurements because the activation energies obtained are unexpectedly small. The

values are such (order of 0.05 ev.) that they are only two or three times the value

of kT at 2000 K, and the meaning of an activation energy under such circumstances

would be questionable. Although the plot of Figure 3 fits the predicted linear re-

lation with time very well for a period of about 30 minutes there may be diffid4ties

with the temperature dependence. The derivation of the temperature dependence of/6

may be more complicated than that which we have used. This matter remains to be

studied.

It was pointed out above that a rather surprising threshold effect was found in

connection with the recovery experiments at 195'K. In particular it was found, for

example, that a single crystal at 1950 K had an attenuationi of 0.104 db //A. sec before

deformation, and that after small deformation the attenuation increased to 0*138

db/ psec where it remained constant for ten minutes or more (i.e., no recovery).

Following this period in which no recovery in attenuation could be observed the

sample was again deformed, and the attenuation increased from 0,138 db /ýA sec to

0.225 db I/A sec which is obviously more than double the initial value of 0.104db a see,

Again no recovery was observed for a period of nine to ten minutes at which time the

load was removed; there was still no change in attenuation or any suggestion of recov-

ery, and the attenuation value remained at 0.225db//A sec. The sample was next loaded

and deformed a third timse; the attenuation went to 0.305 db//A sec and this time re-

covery did occur. After 4 minutes (with load on) the attenuation recovered to 0.278

db/yA sec, and the sample was unloaded - during unloading the attenuation rose slight-

ly to 0.290 db/ /p. sec and decreased in less than an hour to 0.21 db/,u sec. After

an additional five hours time the value remained unchanged at 0"21 db/ sec. Figure

4(a) shows a rough plot of the events (in attenuation) just described.
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A second recovery experiment of the same type (also at 1950 K) showed the same

features as the one just described (Figure 4b) except that in this second case echo

time (velocity) measurements were made together with the attenuation measurements.

In each case where the attenuation increased during loading the echo time increased

as well (velocity decreased) and in each case where recovery occurred the velocity

also recovered. In those cases where the attenuation did not recover the velocity

also did not recover. In other words the velocity behaved as expected for a dis-

location change.

As to why the attenuation recovery does not occur at 1950K with small deform..

ation it appears that there is a range of deformation in which either the point

defects necessary for repinning are not produced or released in sufficient numbers

or they are produced and are not mobile at this temperature. The latter supposition

seems unlikely, however, since with sufficient deformation recovery does occur. We

do not know at present whether this threshold of strain for recovery has a temper-

ature dependence or not. It is possible that there are at least two types of defects

involved. If one of these two types of point defects is not mobile at this temper-

ature and the second type is mobile then it is only necessary to suppose that the

weaker pinning is provided by the non-mobile defect and that the dislocation breaks

away from this weaker pinning first for small deformation; the non-mobile defect can-

not repin. When the deformation is sufficient to break away from the stronger pinn-

ing, thereby releasing the relatively more mobile point defects, repinning can occur.

Another possibility is that the defects capable of pinning are produced by disloca-

tion intersections after a certain threshold in straina In other words the defects

become available only after a certain amount of deformation has occurred.
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Figure 4
Attenuation as a function of time after loading of samples, (a) #5, (b) #1, at 195 K

Region of no recovery shown by flat steps following first (1) and second (2) deformations.
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2. Anomalous Velocity Effect

Dislocation theory predicts an unusual behavior for ultrasonic velocity changez

at high frequencies. Normally, the effect of pinning dislocations in crystals is al

increase in velocity of ultrasonic waves ( or elastic modulus) in the crystal.

Pinning reduces the motion of the dislocations, and therefore the anelastic strain,

so that only the purely elastic strain is measured in crystals with completely pinn(

down dislocatiog. However, it is possible, under conditions to be discussed here,

for the velocity or modulus to decrease with pinning of dislocations. The latter

effect will be termed anomalous. It is important both because an experimental checl

of this unusual prediction can be regarded as one of the strongest checks available

to the theory, and because of the possible applicati. )f this effect to the study c

deformation and irradiation processes.

The results of the relevant theory have already been used by Hikata, Chick,

Elbaum and Truell(1) to account for the anomalous velocity change observed during

deformation of aluminum single crystals. Since that time the physical nature of th

cause of the effect has become clear, and a detailed and extensive examination has

been made of the rather special conditions required to obtain the anomalous effect.

At the same time a more complete mathematical description of the expected pinning

behavior has been made including velocity calculations having quantitative validity

at high frequencies. A comparison of this theory is made with the experimental

results available to date.

The origin of the effect of dislocations on the elastic modulus and velocity

may be understood with the help of Figure 1. In Figure 1A, the straight line segme

along the x-axis between x = 0 and x = ý represents a dislocation loop of length I

which is straight when no stress is applied. When a stress is applied, the disloca

loop bows out, but it is held back by the pinning points at the end, as in curve (I

12



of Figure 1A" If the stress is sinusoidal, with frequency)) , the displacement y(x)

is sinusoidal, with curve (1) representing the amplitude of the dislocation displace-

ment. However, if the medium in which the dislocation segment vibrates is viscous,

there will be a drag on the dislocation tending to oppose the motion. In real crystals,

the viscosity is thought to be caused by the phonon gas through which the dislocation

is being driven..

At low frequencies, the velocity of the dislocation is small, and the visdous

drag may be neglected. In this case, the motion of the dislocation is limited only

by the tension of the dislocation line, and a curve such as (1) of Figure 1A is ob-

tained. At high frequencies, the velocity of points of the dislocation line remote

from the pinning points is large, so that the viscous force is more important than

the tension force. The amplitude of motion then becomes viscosity-limited, and is less

than that obtained for low frequencies. Now, the dislocation segment oscillates over

most of its length as a rigid rod, except at the end points, where the displacement

is zero. The same transition in behavior from curve (1) to curve (2) occurs if the

ultrasonic or driving frequency is held fixed and the loop length is increased, or if

the frequency and loop length are held fixed and the viscosity is increased (for ex-

ample, by increasing the temperature and therefore increasing the density of lattice

vibration phonons)A

Curve (2), however, represents the envelope of the amplitude of the motion. At

any given instant therefore the shape of the dislocation displacement will not

appear as in curve (2). The reason for this is that the phase of all points along

the line is not the same. Those points near the pinning points have a small maximum

displacement and therefore a small velocity so that the viscous drag is small, and

they are always in phase with the applied stress. On the other hand, points near the

middle of the segment are approximately 90 degrees in phase behind the stress for

13



large viscous drags. As a result, the parts of the motion represented by curve (2)

which are out of phase and in phase with the applied stress are as shown in tigure lB.

If the loop length ) is long, then the motion is out of phase (i.e., lags behind by

nearly 90 degrees) over most of the loop length. The curve shown in Figure 1B also

represents schematically the shape of the dislocation segment at two times differing

by one quarter of the period of the motion.

In ultrasonic measurements, the out of phase and the in phase parts of the

motion are measured separately. The out of phase motion leads to attenuation and

the in phase motion leads to velocity changes of ultrasonic waves. The area under

the curve of the in phase part of the motion is proportional to the anelastic strain

contributed by the dislocation. The dislocation contribution to the strain is given

by-

where y1 (x) is the real part of y(x), b is the Burgers vector, and 6dis can thus

be thought of simply as the area under the real part of the dislocation displacement.

The modulus change of the specimen is given by Me " M(-A) where M( U)

M0

is the modulus measured at frequency L, and M is the modulus measured at infinite

frequency. Edis is the dislocation contribution to the total strain and 6 el is

the elastic strain. Since the velocity of an ultrasonic wave is given by

//2F V _ . V(60- / -v

where f is the density of the solid. This then represents the velocity or modulus

decrease of an ultrasonic wave in a crystal containing dislocations. As the frequency

is increased, this area decreases and the ultrasonic velocity therefore increases, as

the dislocation is no longer able to follow the rapidly varying external stress.

Such a dispersion has been observed in NaCl between 10 and 100 megacycles/see by

Granato, deKlerk and Truell(3)
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Experimentally it is usually easier to vary the average loop length or resonant

frequency V, than it is to vary the measurement frequency ) , as for example in

irradiation or in deformation and recovery experiments. If instead of varying the

stress wave frequency with fixed loop length, one varies the 1);p length with fixed

frequency, the anomalous velocity effect appears. Figure IC shows how the dis-

placements of Figure IB change when a pinning point is added. At low frequencies,

when a pinning point is added, the area of the in phase component of the displacement

is decreased, and so the ultrasonic velocity increases, i.e., Lv/v decreases and

v(W ) increases. However, at high frequencies, addition of a pinning point forces

the part of the dislocation near the newly added pinning point to be in phase with

the applied stress so that the in phase component of displacement pops out, increasing

the area, and decreasing the ultrasonic velocity. It is clear from Figure IC that

the effect is in general a small one,since at high frequencies, only a small part of

the displacement is in phase with the external stressa If more pinning points are

added, the in phase component eventually becomes pinned out completely. As this

limit is approached the pinning points get close enough together to interact, giving

the normal velocity effect because the more pinning point regions that are added the

more tension limited segmuents are added until a limit is reached. Also, from Figure

1C, one sees that adding pinning points to very long dislocation loops has little

effect on the attenuation when the motion over most of the length of the loop is

viscous drag limited. Eventually, when the average loop length is made small enough,

the attenuation decreases with pinning.

In this way it is seen that for long enough loop lengths (or large enough fre-

quencies or large phonon densities or temperatures), velocity or modulus measurements

are sensitive to conditions near the pinning points while attenuation (or decrement)

measurements are sensitive to the viscous drag or specific damping caused by dis-

location-phonon scattering. Under the specific conditions just mentioned, velocity

15



measurements are especially appropriate for investigating dislocation - pinning point

interactions while attenuation measurements are more relevant for dislocation-phonon

interactions.

A quantitative theory for the attenuation and velocity of ultrasonic waves in

crystals containing dislocations has been given by Granato and Lucke (4) The model

is based upon the analogy between the motion of a dislocation loop and that of a

vibrating string proposed by Koehler(5). The results are given in the form of infinite

series. The first term of the series gives a sufficiently accurate description of the

attenuation. Because of the simplicity of this attenuation result, the effect of a

distribution of loop lengths on the result is also not difficult to obtain. For vel-

ocity, the first term of the series is also sufficiently accurate for frequencies up

to about that for which the inflection point appears in the dispersion curve. As

mentioned at the end of second paragraph, page 8
1 for higher frequencies (where the

velocity reduction &v/v is small) the first term of the series is not quantitatively

adequate and a series expression must be used. However, calculations show that the

first term of the series still gives all the qualitative results, including the anom-

alous velocity effect. The effect of a distribution of loop lengths has not been

considered. Simple analytical results, giving explicitly the effects of the various

variables, will be used for the present discussion.

For the purpose of studying the effects of pinning or unpinning of dislocations

it is convenient to express the changes in attenuation and velocity in terms of loop

length or resonant frequency W,'@ We have chosen to use the variable y --

where " is the resonant frequency of the dislocation loops and 0 is the frequency

at which measurements are taken. As the loop length is decreased by pinning, y

increases since the resonant frequency increases. Expressed in this way, the

16



attenuation becomes

Cýie (y) = K d 12+(/)

and the velocity change is given by

V (V2 + 2

d = B/A

where
86 =-€6xlO0-6 , TGb

K 7T246 A

H-T (4G) 2

G is the elastic shear modulus, _a is the orientation factor, b is the Burgers vector,

and 11 is the dislocation density. The factor 8.68 x 10-6 is needed to give the

attenuation in the commonly used units of decibels per microsecond.

In the above, the parameter d is a measure of the damping. These curves for

various frequencies of interest are plotted in Figure 2 for an assumed value of the

damping constant d of 7.4 x 109 sec-.

For a given measurement frequency, as the resonant frequency of the dislocation

loops is increased by pinning, as for example with irradiation, from y = I the

attenuation decreases from a maximum value, while the velocity at first decreases

(anomalous effect), passes through a minimum and then increases (normal effect).

2
The velocity curve has a minimum at y2= 1 + d/W, at which point the attenuation is

half the maxibum value. This is also the point at which the decrement is a maximum.

One can locate on the velocity curves of Figure 2, values of y for an assumed initial

resonant frequency. For example, if o= 300 mc/sec is assumed the velocity curve

for V= 30 Mc/sec would have y = 10 as the value of y at the start of irradiation

or deformation. By drawing a plot of the locus of all points for each assumed



resonant frequency, one finds a set of curves such as those shown in Figure 2 for

150, 200, and 300 mc/sec.

The intersections of the second set of curves, shown on the velocity diagram,

with the curves just described, show the values of the velocity rith respect to the

elastic value v 0 at each ultrasonic frequency for a given resonant frequency of the

dislocation loops, For example, if the resonant frequency of the dislocation loops

is 9o = 300 mc/sec, then for all frequencies below about 20 mo/sec, the velocity is

constant (i.e. independent of frequency), while for larger frequencies, the velocity

is higher. This describes the normal dispersion effect.

If, however, measurements are made at constant frequency with varying loop length

or varying o0 the curves (see also Figure 3) show under what conditions the anomalous

velocity effect occurs 4 For example, suppose the resonant frequency of the dislocation

loops is 150 mc/sec to start with. If now the resonant frequency is increased to 300

mc/sec by some pinning mechanism, then the velocity increases at 10 me/sec, giving

the normal effect. At 20 mc/sec, the velocity at first starts out with zero slope

and then increases. That is, there is initially no change in velocity in spite of the

fact that the attenuation is decreasing rapidly as a function of k at this frequency.0

for higher frequencies, the velocity at first decreases with pinning before increasing.

It is easy to see that the magnitude of the velocity reversal must be a small one.

Suppose, for example, that the velocity change measured at low frequencies is 1% (this

corresponds to a 2% change in modulus, and larger changes arising from dislocation

damping changes are seldom seen at megacycle frequencies). Then from Figure 2, it is

evident that the magnitude of the velocity reversal effect cannot be expected to be

greater than about 0.1%. Figure 3 is an enlarged section of Figure 2, and it shows

somewhat more clearly the size of effect, or change in velocity, that one can expect

to the left of the velocity minima for different resonant frequencies and various
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measurement frequencies. The exact size depends upon how far to the left of the

minimum the intersection of curves in Figure 2 or Figure 3 occurs. The effect of the

higher order terms in the series expression for the velocity, as well as the effect

of a distribution of loop lengths, will be to broaden out slightly the minimum and

to cause these curves to intersect the abscissa below y = 1. Figure 4 shows the com-

parison of velocity from the first term of the velocity expression from dislocation

damping theory( 4 )( 6 ' and the velocity calculated from a series expression in which as

many terms were used as needed to insure a small remainder. The dashed curves of

Figure 4 (long and short dashes) are the values of calculated from the series
0

expansion, This does not change anything qualitatively but has the effect of reduc-

ing somewhat the magnitude of the anomalous velocity effect to be expected.

From the above discussuion, necessary conditions for observing the anomalous

velocity effect can be established. One needs the resonant frequency to be low

initially (i.e.,large loop lengths) and velocity measurements sensitive to at least

one part in 10 4. It might be thought that specimens of sufficiently high purity would

have long enough loop lengths. Attempts to find this effect in irradiated, undeformed,

high purity aluminum and sodium chloride have been unsuccessful. However, the effect

has been found in deformed crystals. Evidently, light deformation produces loop lengths

of sufficient size. Deformation and irradiation (or recovery after deformation) can

be expected to give similar but oppositely directed changes. Irradiation or recovery

should produce pinning (i.e.,incroasing y). On the other hand, deformation should

produce increased loop lengths for very small deformation (decreasing y), followed

by decreasing size of average loop length after large deformation. Although irradia-

tion or recovery experiments should be simpler physically because the dislocation

density does not change at the same time that the average loop length does, it seems,

at present, to be necessary to use deformation to produce suitable conditions. If alu-

minum single crystals can be made with higher purity and fewer and longer dislocations

in siinh R wny as to make the loops longer by a factor of five the effect should be

observable using Co6o gamma irradiation.
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In this section we discuss first the results observed during deformation, and then

the simpler case of the changes which occur on recovery.

In Figure 5 results by Hikata, Chick, Elbaum and Truell( ), for the velocity,

attenuation, and stress as a function of strain are shown for an aluminum single crys-

tal. The direction of polarization of the ultrasonic shear was such that dislocations

in the primary glide system were not seen by the ultrasonic wave. As a function of

deformation the velocity at first increases a small amount (a few parts in 10 4) be-

fore decreasing. Figure 6 shows this velocity reversal effect for three principal

directions in these specimens. Normally at low frequencies it would be expected that

the velocity should decrease with deformation since the dislocations produce an an-

elastic strain. However, this behavior and magnitude of effect is just what should

be expected if small deformation produces large dislocation loop lengths.

At high strains where the dislocation density becomes large, the normal reduc-

tion of velocity with deformation is found because the lengths are now much shorter.

This small velocity reversal is usually found in high purity aluminum. It should beSAVVo (v° - vL

noted that &v/v = 0 does not change sign; the quantity - =
0 v v

vi - v( L3 ) plotted in Figure 5 refers not to v0 , the purely elastic velocity, but
vi

to v. measured initially before deformation. The value of v0, the purely elastic

velocity, for a perfect aluminum crystal is not known. Presumably the value of v

lies somewhere above any point of the curve. The observed effect is consistent with

the expected anomalous effect. No other explanation of the observed behavior has

been found.

It might be expected that, if the deformation were stopped in a strain interval

where the velocity reversal was taking place, the pinning which would occur during

recovery and as a function of recovery time should show the anomalous effect more
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definitely. This is difficult to arrange at room temperature in aluminum because

recovery occurs so quickly. Presumably, recovery occurs as a result of pinning of

dislocations by the deformation induced point defects(7). However, in NaCI, recovery

is slower at room temperature, and an example of work in progress by Hikata, et, al.

is shown in Figure 7.

Here the results of the recovery, under no load, of velocity and attenuation in

NaCI after a small deformation are shown. As in the case of aluminum, there is a

velocity reversal during deformation. This is not shown here# During recovery, the

attenuation decreases from the very beginning, showing that pinning is occurring, but

the velocity does not change for at least several minutes. After a time delay, the

velocity increases in the normal way. The total velocity change is small (several

parts in 10 4). This is the behavior expected if the starting point is near the minimum

of the velocity curve in Figure 2 or Figure 3.

It is believed that the verification of these predictions of the theory con-

stitutes one of the strongest tests available of the validity of the dislocation

damping theory. It is expected that the effect can be used with profit in the study

of deformation, recovery, and irradiation processes.
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Figure 1
Displacement of a dislocation under stress. schematic.
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Figure 5

Stress, shear wave attenuation and velocity change as a function of

total strain in aluminum. Hikata et al.
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orientation as a function of shear strain. Hikata et al.
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3. Deformation in Ionic Crystals

This section on the deformation of ionic crystals includes discussion of certain

results obtained from measurements of ultrasonic attenuation and velocity as well as

electrical conductivity measurements and load-strain measurements. All of these

measurements were made concurrently during deformation. Despite the fact that the

ultrasonic measurements and the conductivity measurements compliment one another and

provide more information than either would do by itself, we have chosen to present

the results separately because the discussion seems clearer this way. As a con-

sequence this section is divided into parts (a) and (b); part (a) is concerned main-

ly with dislocation damping in sodium chloride during plastic deformation and part (b)

is concerned with an electrical charge study in sodium chloride during plastic

deformation.

Part (a)

Sodium chloride single crystals have been deformed in tension, at room temperature.

The specimens used have a rectangular cross-section 6mm x 25mm and were about 100mm

long. The external surfaces were perpendicular to <100> type direction (they were

bounded by j100 type planes). The tensile stress was applied parallel to the long

axis of the specimen, i.e., along a (100) type direction. For this direction of the

tensile stress, four slip systems, each consisting of a 1llO1 plane and a (110> direc-

tion contained in that plane, are equally stressed in shear. For the geometry chosen

here, plastic glide is expected to occur predominantly on two of the four equally

stressed systems, as shown in Figure 1. This is so because for the two "expected"

slip systems the slip path is considerably shorter (four times, in this case) than

for the two "unexpected" slip systems.

When a longitudinal wave is propagating in the z direction of Figure 1 (direc-

tion of the applied tensile stress) it will have shear stress components in the same

slip systems as the tensile stress. This wave will, therefore, interact with dis-
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locations in these slip systems and the attenuation changes of the wave, upon plastic

deformation, will reflect changes in the density and loop lengths of these disloca-

tions. A longitudinal wave propagating along the y direction in Figure 1 will not

have any shear components in the two "expected" slip systems, but will have such shel

components in the other two (the %unexpected") of the four equally stressed slip sys.

tems. Changes in the attenuation of this wave will, thus, reflect changes in the

density and loop length of the dislocations in the two "unexpected" slip systems,

but not in the two *expected" ones.

Following this scheme, two longitudinal waves, with a frequency of 20Mc/sec,

were propagated in the indicated directions and are labeled 1 and 2 respectively;

the position of the quartz transducers are shown in Figure lo The changes in the

attenuation of these two waves were measured simultaneously by means of two separate

ultrasonic sttenuation units while the specimens were deformed in tension at a strait

rate of 0.002.in. /minThe relations between stress and strain and the corresponding

changes of attenuation with strain, obtained during these experiments, are shown in

Figure 1. Essentially identical results were obtained on four specimens. The atten.

uation of wave 1 increases monotonically with strain, as expected from the proposed

model of deformation. The attenuation of wave 2 increases very slightly for small

deformations, then decreases below the original value, reaches a minimum and starts

increasing again slowly.

The interpretation of the behavior of wave 2 is based on the following reason-

ing. The criterion for predominant slip on the systems with the shorter slip path

does not become meaningful until dislocation motion has occureed over distances com-

parable to the shorter slip path. Before this condition is fulfilled, slip may be

expected to occur (in small amounts) on all four equally stressed slip systems.

The small increase in attenuation of wave 2 is attributed to the initial increase
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of the dislocation loop length in the "unexpected" slip systems, which is detected

by this wave. For further deformation, after a small amount of strain hardening,

dislocation motion stops in the "unexpected" slip systems, but the attenuation 2

starts to decrease. This decrease is attributed to a shortening of the average dis-

location loop length in the two "unexpected" slip systems, due to many intersections

by moving dislocations in the two "expected" systems, where plastic glide continues*&

The attenuation starts to increase again when the two "unexpected" slip systems

begin to contribute to the plastic deformation. This view is supported by the fact

that an increase in the rate of strain hardening (an inflection point in the stress-

strain curve) coincides with the minimum in attenuation of wave 2. Ultrasonic vel-

ocity measurements of wave 1, carried out concurrently with attenuation measurement,

showed a normal velocity decrease as a function of increasing strain at this stage

of deformation.

The following conclusions, are readily drawn from the results of this study.

(1) Plastic glide in equally stressed slip systems of sodium chloride single crystals

depends on the length of the slip path. (2) A method has been found for studying

the effect of dislocation loop length on damping, for an approximately constant dis-

location density. (3) The ultrasonic attenuation of a crystal (the part that depends

on dislocation damping), along some crystal directions, can be decreased by small

amounts of plastic strain, when the deformation geometry is properly selected.

*This is believed to be the only instance of dislocation damping measurements, made

during deformation, under conditions such that the loop length is decreased, while

the dislocation density remains essentially unchanged. In previous studies, shorten-

ing of loop length, without changes in dislocation density, was achieved by means of

Cobalt 60 gamma ray irradiation.
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The study of ultrasonic attenuation behavior discussed here is part of a larger

investigation which includes the study of the electrical charge associated with dis-

locations in alkali halides*

Part (b)

Electrical charges developed during plastic deformation of alkali halides have been

the subject of several recent studies.

The deformation-induced charge flow was first reported by Stepanow(8) in 1933, who

accidentally found, during his experiments on conductivity change of sodium chloride

due to plastic deformation, a potential difference between the ends of the specimen in

the absence of an applied field. The charge dissipated through the measuring circuit

over the temperature range from 30°C to 1700C depended on the shape of the specimen.

Although Stepanow could not explain this effect, he was able to make it negligibly

small (br proper choice of experimental conditions) during his conductivity measurements.

In 1955, two reports concerning the charge effects appeared. Caffyn and Goodfellop)

investigated NaCl, KCl, Nal, KI, and KBr single crystals from various sources and found

a potential difference between the electrodes on the surfaces of all the crystals upon

the application of a compressional stress, though the amount of the potential differed

from one crystal to another. The effect was temperature independent up to 18000 but

then decreased with increasing temperature, being almost negligible at 2500C. They

interpreted this charge effect as a result of local stress inhomogenities at the

surface without giving any specific mechanism.

Fischbach and Nowick(10) studied NaCl single crystals under compressional stress.

In this case, however, the deforming load was applied to a smaller area on one face

of the specimen than on the other in order to produce purposely inhomogeneous deforma-

tion. Under this stress gradient, negative charge flowed in the external circuit away
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from the side of the crystal to which the higher stress was applied. Even under

applied electric fields as large as 103 v/cm, the direction of the initial charge flow

produced by deformation was determined by the sense of the stress gradient rather

than by the direction of the applied electric field. The current was transient and

decayed with time in an approximately hyperbolic manner, and was observable for a time

of the order of minutes when the stress increment which had produced it was laft on.o

There was no appreciable current in the reverse direction even on removing the total

load from the crystal. Successive cycles of removal and reapplication of load pro-

duced Buccessively smaller effects4 From this experimental evidence they concluded

that the charge carriers must be charged dislocations.

Fischbach and Nowiok (1958) extended the above work and included a study of

the conductivity change due to deformations They showed that the observed charge

effects could not be explained by a contact potential difference, by thermal effcts

due to the deformation, or by diffusion in the stress gradient of free vacancies

produced by the deformation. Their reasons for suggesting charged dislocations are

as follows: Jogs on an edge dislocation line in NaCl may have an effective charge

of - e/2, the sign depending on whether the jog occurs at a positive or negative ion

as suggested by Seitz (12) In the normal state of the crystal, a dislocation line

is expected to have as many negative as positive Jogs and therefore to be electrical-

ly neutral. However, when a disl.ooation line its in motion, vacancies may' "evaporate"

at a jog, thereby changing the sign of the charge at the jog. Thus when a negatively

charged jog generates a positive-ion vacancy, it becomes a positively charged jog.

A dislocation in motion may be expected to have equal numbers of negative and positive

Jogs orly if cation and anion vadsmcies are formed with equal ease. The calculations

of Mott and Littletonr(3) indicate, however, that the energy required to form a neg-

ative-ion vacancy is vomewhat. larger than that required to form a positive-ion vacancy.
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Therefore, a moving edge dislocation line may be expected to acquire a net positive

charge due to the preferential loss of positive-ion vacancies from jogs. These

positively charged dislocations move into the crystal from the regions of stress

concentration leaving behind a net excess of (negatively charged) cation vacancier"4

Although the above reasoning should be reexamined from the point of view discussed

later, their effort in establishing the fact that the charge carriers in deformation-

induced charge i'low in NaCl are dislocations, should be strongly emphasized.

Based on the calculation by Mott and Littleton mentioned above, Frenkel(1 4 )

(1948) and Lehovec(15)(1953) independently arrived at the same conclusion that, when

the temperature is raised from absolute zoro an excess of positive-ion vacancies is

emitted from the surface into the crystal, loaving a net positive charge on the sur-

face. That is, in eqnilibrium the bulk of the crystal is electrically neutral, but

there is a positive charge on the surface, balanced by an equal and opposite negative

charge cloud penetrating some distance into the crystal. Eshelby et al(16 ) (1958)

mrade the important advance of suggesting that a similar space charge should occur

around a dislocation, since jogs at dislocations can serve as sinks and sources for

vacancies within the body of the crystal. They showed, furthermore, that in ionic

crystals dislocations should generally be charged and be surrounded by a cylindrical

Debye-Huckel cloud of the opposite sign. As a result of the above a substantial part

of the critical shear stress of stch crystals is attributable to the electrostatic

attraction between a dislocation and the surrounding charge cloud. In the course of

the analysis they inLroduced the concept of the "isoelectric point p". This point

occurs at a temperature for which týe concentration of positive-ion vapancies, that

would obtain in the absence of impurities and without the requirement of e4ectrical

neutrality, becomtes equal to the actual concentration of the positive-ion vacancilem.
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At the temperature of the isoelectric point dislocations are uncharged and the yield

stress vanishes° (assuming that the yield strength of an ionic crystal is determirned

entirely by the electrostatic interaction between the charged dislocations and charge

cloud surrounding them). The results they obtained in the experiments on temperature

dependence of yield stress of NaCl crystals showed the isoelectric point to be at

3200 K. This led to the conclusion that the free energy of formation of positive-Ion

vacancy in NaCi is less than 0.6 eV, unless the divalent impurity concentration is

less than about 10"9. Even if some of the impurity is precipitated such a value

would seem unreasonably low, as they stated, According to this model, however, dis-

locations in equilibrium in an ionic crystal already possessian excess of charged

jogs of one sign; it is not necessary for dislocations to be set in motion in order

to acquire a net charge, contrary to the model proposed by Fischbach and Nowick

mentioned above#

Amelinckx, Vennik and Remaut(17)(1959) examined NaCl crystals under cyclic bend-

ing. They first bent a crystal statically introducing excess dislocations of one

mechanical sign, and then brought the specimen into vibration in the frequency range

of lO-lO0c/s. Tho charge observed on the electrodes placed on the concave as well

as convex side was of the same sign for each half cycle (straightening or further

bending) of the alternating stress. They made no statement about the sign of the

charge on the dislocations.

In an extension of the above work, Remaut, Vennik and Amelinckxc(18)(1960) re-

ported that the electrical signal decay-ed in amplitude during continued stressing.

When the crystal was left at rest for some time, the signal returned approximately

to its original. value. Thts Ialeotllloal signal was only obncrvablc -if tho ximplitude

of vibration wccodcd a certain critical value. All these experimenta! facts were

explained qualitatively by the model that positively charged dislocation oscillates
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relative to the charged vacancy cloud surrounding them&

Sproull(19)(1960) took a different approach to this problem. He applied instead

of stress, a strong electric field to a bent crystal of LiF, and studied the motion

of dislocations due to the field through the change of the bend* The experimental

facts showed that the sign of the charge on the dislocations was positive. This means

that , following Eshelby et al (16), the "isoelectrio point" must have been below the

experimental temperature (room temperature)o Placing the isoelectric point at 00 C,

and using the value of about 10- e.s.ua/cm as the amount of charge on a dislocation,

which was deduced from the experiments, Sproull estimated the energy of formation of

positive-ion vacancy to be 003 eV& This value is again unreasonably low compared

with what is accepted at present (about 0.6 eV).

Remaut and Vennik(20)(1961) studied NaCl crystals under cyclic bending, tension

and compression on bent specimens and pulse stressing. For crystal tested under

cyclic bonding, a marked difference in anpiitude dependence of electrical signals

was found between an unannealed specimen-. and one annealed at 6000C for 48 hours after

the static bending& The electrical effect was much smaller and showed little ampli-

tude dependence in the bent and then annealed specimen. Tension and compression

tests on bent specimens showed that the electrical signal coming from opposite faces

(concave and convex faces) of the specimen were of opposite sign, contrary to what

was observed during cyclic bending. However, no mention was made of the relationship

between the sign of the signal, the face where the signal was developed, and the polar-

ity of the stress (tension or compression), The shear stress at which the electrical

signal started to increase rapidly was approAimately 75g/f 2 .

Vennik, Remaut, and Dekeyser(a)(1961) extended this work. It was stated in

this report, for the first time, that moving dislocations behave as if negatively

charged. From the experimental facts that doping with Cd+4 ionn had no effect on the
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sign of the signal and on its magnitude, although other tests, such as ionic con-

ductivity, absorption spectra after irradiation, showed a marked influence of im-

purity, they concluded that the uptake of positive-ion vacanioes by moving dislooa-

tions must not be considered as an elplanation for the origin and sign of this effect.

Instead, they suggested that the negative sign of the dislocations results from the

boiling off of an excess negative-ion vacancies during the movement of the disloca-

tions, without giving any theoretical basis. It is also reported that if the specimen

was deformed by two different saw-tooth pulses of the same amplitude but of different

duration, then signal corresponding to the pulse with longer duration was larger

than the other.

Rueda and Dekayser (22) (1961), (23)(1961), (24) (1963) carried out a series of

indentation tests on ionic crystals containing various concentrations of positive

and negative dtCalent ions, They reproduced Fischbach and Nowiok.'s(1O)(Tlexpe.i-

mental arrangements and confirmed that the polarity of the electrical signal observed

depended on the degree of the surface roughness at the bottom where the electrode was

placed. Doping the crystal with CdC1. up to 0q2% did not affect the sign and the

magnitude of the charge. Doping with Na2 02 of 0.2% reduced the magnitude of the

signal considerabV and addition of 1.0% Na202 reversed the sign completely. The

measurements =Mo by placing the electrode on various portions, relative to the

indentor, of both top and bottom surfaces of the specimen showed some uncertainty

between the results as far as the sign of the charge is concerned, Nevertheless they

concluded that dislocations acquire negative charge during their motion by prefer-

ential uptake of vacancies of one sign, again without presenting any theoretical

basiso

. Caffyn and Goodfallow (25)(1962) carried out four-point bending tests of NaCI.

In this came, however, the specimen was cleaved in half and glued together again with



an Araldite cement containing powdered silver which served as an electrode lying on

the elastic neutral axis. Potential difference was measured between the electrodes

placed on the surface of the composite specimen and the one lying on -the neutral axis,

The results were that both the concave and convex faces of the specimen were always

positile with respect to the electrode at the neutral axis. In order to explain

this effect they propo.sed the following model for the arrangement of dislocations in

a bent specimen: "Since the stress in bending is largest at the surface and is zero

at the neutral axis, dislocations of one, mechanical sign move outwards and escape at

the surface, while dislocations of the other mechanical sign move inwards and are

stopped before reaching the neutral. axis, provided the stresses Just exceed the yield

stress, These considerations apply both to the concave and convex sides of the spec-

imen. Therefore the number of dislocations that move away from the neutral axis and

escape to the surfaces is larger than the ncmber that move towards the neutral axis.

If dislocations carry a not charge of one sign, then -the charge Tnst be transferred

toward the surface." From ihese considerations they concluded that the sign of the

charge carried by dislocations is positive. The model concerning the dislocation

distribution in a bent crystal was confirmed independently by observations of

birefringenoee

Caf fyn and Goodfellow(2 6 )(1962) extended the work further, using compression

tests, to determine the effect of specimen size and shape, effect of rate of loading

and the charge-strain relationship. Although they could not determine the sign of

the charge on the dislocations by this method, they established that the stress at

which the electrical signal begins to increase rapidly, corresponds closely to the

macroscopic yield stress of the specimens It is also reported that the magnitude of

the potential effect, was directly proportional to the rate of the loading, contrary

to the Vennik, Remaut, and Dekeyser's(21) results.
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Caffyn and Goodfellow(27)(1962) made a comment on the sign of the charged dis-

locations in NaCI. Although these authors obtained the same polarity of the electrical

signal as that of Rueda and Dekeysers(22) indentation tests (opposite to the results

observed by Fischbach and Nowick(10)(l-)), they tried to explain the results from

the point of view that dislocations carry a net positive, instead of negative charge.

The argument simply depends on the matter whether dislocations come towards the in-

dentor or move away from the indentor. So far, this problem does not seem to have

been explained in a satisfactory manner.

Bassani and Thomson (28)(1956) examined the association of positive-ion vacancies

and various types of impurities with unjogged edge dislocations in NaCi. According

to their calculation the vacancy has an association energy of 0.4 + 0.2 eV, but im-

purities, both monovalent and divalent, have smaller association energies. This

consideration led to the conclusion that the positive-ion vacancies will be pinned

to the core of the unjogged edge dislocations and produce an excess negative charge

there. In fact, their calculation indicates that vacancies of both signs have approx-

imately the same association energy with dislocations. Ani excess of positive ion

vacancies on the dislocations would have to come from the larger concentration of

these vacancies in the crystal. However, in the presence of positive divalent impuri-

ties, these vacancies will combine with the impurities to form a neutral complex.

Thus, one is led to expect a positive charge on the dislocations. In any case, once

the dislocations break through the vacancy cloud surrounding them, upon the applica-

tion of stress, these dislocations no longer have a net charge. Moreover, since the

present study is concerned with the charge brought by dislocations to the surface,

the configuration discussed by Bassani and Thomson is not likely to apply in this case.

The argument by Remaut(29)(1962), based on the work of Sassani and Thomson, on nega-

tively charged dislocations can be disregarded'
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Koetbliert Langreth and Ton Thhskovioh(30)(1962) h*Ye recenrtl ext~ended the tbsez'et.-

ial work of EhelV aet a. (16) t Nclving the non-linear equation vhich give the

potential distribution in an ionic crystal and by proposing bounlar conditions appro-

priate at a dislocation core# The results of this work indicate that the dislocation

charge is positive at elevated temperatures and beccmes negativoi.at low temperatures.

The te' ture at which the change of sign occurs decreases with decreasing concen-

tration of positive divalent impurities. In these calculations, however, no account

is taken of positive ion vacancy and impurity associations, and of possible impurity

preciýitations The numerical value of the charge calculated for the room temperature

and for an-impurity conoentration of 10"5, is unreasonably high; this point Is auknowl-

edged by Koehler et a.4 It is obvious from the above considerations, that the problem

is far from being settled and that further work on this subject is needed,

The above discussion indicates clearly that serious uncertainties, both in ex-

periment and theory, still exist on the subject of dislocation charge in alkali halides

The only unambiguous conclusion to date seems to be that an electrical charge does

Indeed develop during plastic deformation and that this charge is associated with

moving dislocations.

The present study was undertaken in an attempt to clarity smme aspects of this

problemi In particular, it should be pointed out that screw dislocations are not

epected to be charged, because of the geometrical configaxtion. One of the imed-

iate purposes of this investigation Was to verify this auswtion experimentally.

*Optacal quality* sodim chloride single crystals, supplied 7 the Harshaw

Chemical Cmpany, have been used throughout this study. These crystals were not doped

intentionalrJ; their impurity content is not known to us. The specimens have bew

deformed in tension paralel to their long axis at room temperature, with a stron
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rate of 0*0m..m/min# using an Instron tensile testing machine. The external surfaces

of the crystal were perpendicuar to (100) type directions (they were bouinded tVy {1001r

type planes). The experimental arrangement is shown in Figure 2. This specimen go*-

etry was .selected for the following reasona. When a tensile stress is applied to a

sodium chloride crystal along a (100) direction, four slip systs, each consisting

of a kI~I01 type plane and a (3.10> type di~rection contained in that plane, become

equaljy stressed in shear. For the geometry chosen here, plastic shear strain is

expected to occur predominantly on t~wo of the four equally stressed systems, as shown

in Figure 3, This is so because for these two ayotw the slip path is considerab•ly

shorter (four times, in this case) than for the other two. Two independent checks

have confirmad the corrections of this aummptlon, as discussed later on*

Electrical potentials with respect to ground were used as a measure of the

amount of charge developed during deformationo Two arrangements for the measure-

ment of charge are used depending on the purpose of a particular experiment. In one

series of eqperiments the charge is measured Simultaneously on one wide and one narrow

face. In another series of experiments the charge is measured on the two wide faces*

Two electrodes are produced by spreading a thin layer of conducting silver paint over

an area of about 3rat x 10ama in the locations shown in Figure 2o These electrodes are

connected to two electrometers (Kiethlwy type 610A)* by means of two 6 feet long co-

axial cables having a capacity of approximately 30?p. F/ft. In all cases the intA.

gratd charge is determined as a function of straino

Ultvaaonic attenuation measurements have been carried out during deformation

(concurrently with charge measurements) in order to verify the validity of the assump-

tion concerning the "expected" and %anexpected" slip systems. The details of this

* The Iz~t pedance of the electrometers is 1014 oh=.



part of the study were reported elsewhere(31) a t is sufficient to mention here that

the correctness of the above hypothesis was confirmed by this method. The specimens

were also viewed in polarized light, during deformation, in order to verify whether

slip detectable by this method appeared on the "unexpected" slip sytma A low power

microscope with a linear magnification of 20 was used for this purpose. Here again

the results more consistent with our hypothesis.

Figure 4 shows the stress-strain, and charge-strain relationship found in the

first series of experiments. The charge developed on the wide face increases rapidly

with deformation in the beginning and then goes through a maximumJ A much smaller

amount of charge, which rapidly approaches a limiting value, also appears on the narrow

face of the specimen* Several experiments performed in this manner have given results

in agreement with the above, in so far that the absolute value of the charges developed

on the narrow faces of the specimen were much smaller than those on the wide face of

the specimen*, However, the sign of the charge measured was positive in some cases

and negative in other cases and no systematic behavior was observed.

This ambiguity was resolved by the second series of experiments. In these ex-

periments the charge was measured on the two sides of the crystal independently but

simultaneously. The results of one of these experiments was shown in Figure 5. In

this case charges of opposite sign -are found on opposite faces of the same specimen.

Strain measurements on both sides of the specimen revealed that the crystal was

slightly bent before the experiment, and the negative charge appeared on the concave

side of the bent specimen. Another experiment performed in the same manner gave

* In one case severe kinking of the specimen was observed and a reversal of charge

was recorded; these results were discarded.
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essentially the same results (the negative charge was again observed on the concave

side).

In view of this observation, sdveral experiments have been performed in which

the specimens had been intentionally bent around the Y axis (see Figure 3) to a radius

of about I meter.. A four point bending jig was used for this purpose. After the

intentional bending, one of the side faces of the specimen (concave or convex side)

is scraped with emery paper over the area to be covered by the eaectrode (about 045 am2)

thus introducing additional surface sources of dislocations. Electrodes are painted

over the scraped area as wenl as on the opposite side of the specimen. After these

treatments, the specimens were subjected to a tensile stresso Figure 6 shows the

results of an experiment using a specimen which had the scraped area on the concave

face. As soon as appreciable plastic flow started, both the concave and the convex

sides developed positive charge. As plastic deformation continued the charge on the

concave side changed sign, and eventually reached a large negative value, comparable

with the charge observed on the concave side of accidentally bent specimens* On the

other hand, the specimen having the convex side scraped did not show the reversal of

the sign of the charge, as shown in Figure 7,

In the experiments performed so far, shorting out of the accumulated charge on

one electrode did not affect the charge accumulated on the other electrodes. At

room temperature the accumulated charge did not show any measurable recovery over a

period of hours6

It is also found that the negative charge is always larger, in absolute value,

by a factor of 1*5 to 2a The total integrated charge colresponds to a measured

voltage of 10 to 30 volts or 2 x 1010 to 6 x 1010 electzionic charges/cm2 (either

positive or negative, depending on the side).
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Three definite charge characteristics have been observed in this study,

1) The charge developed on the narrow face of a specimen is always ranch smaller than

that on the wide face of the specimen.

2) When a slightly bent speci~mn is stressed in tension, negative charge appears on

the concave side of the specimen and positive charge appears on the convex side of

the spectimen

3) The negative charge observed on the concave side of a bent specimen is always

larger, in absolute value, than the positive charge on the convex side of the specimen

in the early stages of deformation (up to about 0,5% strain).

These charge characteristics during deformation of sodium chloride may be ex-

plained in the following way#

The dislocatlon geometry in the "expected" slip systems implies that when these

two system operate, edge dislocations move toward or away from the wide faces and

screw dislocations move toward or away from the narrow faces of the specimen, as

shown in Figure 8. Under these conditions, and in view of the fact that the screw

dislocations are not expected to be charged, charge due to moving dislocations should

appear on the wide faces onlyo However, when the tensile stress is first applied,

some dislocation motion is epected to take place in all four equally stressed slip

systems. This is so because the criterion for predominant slip on the systems with

the shorter alip path does not becane meaningful until dislocation motion has occurred

over distances comparable to the shorter slip path. Before this condition is ful-

filled, slip may be expected to occur (in wsall amounts) on all four equally stressed.

slip synsa Hence, at the very early stages of deformation some charge may appear

on the narrow sides of the specimen. As deformation proceeds, slip occurs pred

nantly on the "expected" slip systems and not on the "unexpected" ones, because of

the difference in the slip path, as discussed in the pfetious section. Thus in later
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stages of deformation, the amount of charge should be much smaller on the narrow

faces than on the wide faces. This is exactly what is observed in the first deries

of experiments in this study and provides an explanation of observation 1) above.

In order to explain the observations 2) and 3), it is necessary to assume that

edge dislocations carry positive charge. Based on this assumption, the following

model is proposed* During bending (accidental or otherwise) the dislocations of one

mechanical sign, labeled A in Figure 9, migrate toward the neutral axis of the speci-

men cross-sectiona The dislocations of opposite mechanical sign, labeled B in Figure

9, move toward the external surfaces and may escape from the specimen. In this case,

however, some piling-up of dislocations beneath the surface is expected, because

the escape of dislocations is equivalent to the formation of a step on the surface

(the "slip step")o Hence, work in addition to that required for moving dislocations

must be done in order to supply the extra surface energy of the step, compared with

the smooth surface. Thus in a bent specimen, the dislocation distribution is expect-

ed to be such that there is an excess of "type A" dislocations near the neutral axis

and excess "type B" dislocations near the external surfaces. Caffyn and Goodfellow

(13)(25) have proposed a similar model for a bent crystal.

The device used in the deformation experiments is such t#at when a tensile force

is applied to a bent specimen, in a direction parallel to the chord, a bending moment

tending to straighten out the specimen and an overall tensile stress will result. A

tensile component must, therefore, be added to the tension on the concave side and

to the compression on the convex side of the specimen, which is undergoing straight-

ening due to the bending moment. The result is that both the convex face and concave

face will be subjected to a net tensile stress (of different magnitude), as shown

in Figure 9. Under the influence of a tensile stress, the dislocations labeled B

(originally piled up beneath the surface) will move away from the concave face toward
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the center. The negatively charged atmospheres of these dislocations are left near

the surface, resulting in a negative charge on the concave side. The dislocations

of type B, piled-up beneath the convex face, move out and give a positive charge on

that sides The dislocations of type A, (originally piled-up near the center) move

away from the convo face toward the center when a tensile stress is applied to

the specimen. In this case a negative charge should result on the convex side and

a positive charge on the concave side. It should be noted, however, that from the

model proposed here the number of type A dislocations moving away from the convex

side is smaller than the number of type B dislocations moving toward this side. A

net positive charge should, therefore, appear on the convex side in the early stages

of deformation. Similarly, the number of type B dislocations moving away from the

concave side is expected to be larger than the number of type A dislocations moving

toward it and a net negative charge should appear on the concave side.

Furthermore, as mentioned above, the net tensile stress is larger on the concave

side and the number of dislocations moving away from this side is expected to be

larger than the number leaving the crystal out of the convex side. This results in

a larger negative charge, in absolute value, than the positive charge.

Thus the model proposed here together with the assumption that the edge dis-

locations carry positive charge are consistent with the observed results 2) and 3)

mentioned above. Attempts to explain the results on the assumption that the dis-

locations are negatively charged were not successfula,

The charge developed in the early stages of deformation is not thought to be

associated with point defects carried to the surface because of the systematically

observed positive and negative charge on opposite faces of the specimen. There is

no reason to assume that charge point defects of a particular sign will migrate to

or will be carried systematically to the same side of a bent crystal.
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The results on the scraped specimens may be explained in the following way.

When the surface is scraped, dislocation sources are introduced. It is assumed

that, for any particular size of loop, equal numbers of dislocations of each mech-

anical sign will be introduced. Hence, upon the application of an external stress

(the tensile stress in these experiments) equal numbers of loops of a particular size

will tend to move toward the surface (out of the crystal) and away from the surface

(into the crystal). However, the work required to move a loop of given size into

the crystal is larger than that required to move a loop to the surface, because in

the first case the total length of dislocation increases, whereas in the second case

the loop is made to shrink* Moreover, the step on the surface (the slip step) asso-

ciated with the dislocation loop decreases on moving the dislocation to the surface

and increases on moving the dislocation into the crystal. Thus, additional work is

required to expand the loop moving into the crystal.

It is assumed, therefore, that loops of a particular size and of the mechanical

sign corresponding to the dislocation moving toward the surface will be activated,

on the average, (or at lower stress levels) before those moving into the crystal.

these loops will contribute a positive charge regardless of the charge developed due

to the dislocation present in the crystal before bending. On the concave side a

positive charge is thus observed at the start of plastic strain. This charge is sub-

sequently reversed due to the piled-up dislocations and to the dislocations from

surface sources which move into the crystal, while the surface sources. that contrib-

ute dislocations moving toward the surface are being exhausted. On the convex side

of the specimen, the dislocations from the surface sources merely add to the positive

charge in the first stages of deformation.

The experimental result yet to be discussed is the maximum and the saturation

(in absolute value) observed in the later stages of the charge-strain relationship.
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(For example, the case such as Figure 4 for maximum and the case such as Figure 6 for

saturation). Since the measurement refers to the accumulated charge on the electrodes,

a decrease in absolute value can be accomplished either by carrying the charge away

from the electrodes or by cancelling it with a charge of opposite sign. Strain meas-

urements on both sides of the specimen revealed that at the stage of deformation where

the maximum appears, the process of straightening out the originally bent specimen

is completed. This means that there is no longer a distinction between the concave

and convex sides. Therefore, at this stage, dislocations may move from the originally

convex side, to the center, leaving a negative charge, while dislocations of the same

mechanical sign move toward the originally concave side, bringing positive charge to

that side. Under these circumstances the maximum in the charge-strain relationship

should be observed., It should be pointed out here that the dislocations responsible

for this process are not expected to be the ones newly created during the deformation

for the following two reasons. Firstly, negatively charged atmospheres are not likely

to form around these dislocations, in the course of the experiment, because diffusion

of vacancies of a particular sign is involved, whereas at room temperature sufficient

diffusion is not likely to occur. Secondly, the saturation of charge beyond a certain

value of strain, observed in several cases, strongly suggests that intersections dur-

ing the deformation do not produce a net excess of charged jogs of a particular sign.

The formation of atmospheres around freshly created dislocations as well as the net

excess of charged jogs of a particular sign on the "new" dislocations will be a func-

tion of strain rate and temperature. This aspect of the problem has not been explored

in this study.

It is found that a charge is observed only on the crystals where edge components

of dislocation loops emerge during plastic deformation. In the tensile experiments

of a bent specimen (accidentally or intentionally) negative charge appears on the
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concave side and positive charge appears on the convex side, and the negative charge

is larger, in absolute value, than the positive charge, in the early stages of

deformation. A direct determination of the sign of the electrical charge carried

by edge dislocations was not accomplished in this study. However, the assumption

that edge dislocations in sodium chloride carry electrical charge of positive sign

and the model for the distribution of dislocations in bent crystals are consistent

with results obtained in this study.
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Stress Cycling gf Single Crystal A1_4inum

Stress cycling of an aluminum single crystal has been carried out in several

tests& The cycling has been done in tension and compression and the attenuation as

a function of tine has been recorded by means of the automatic recording attenuation

measurement unit. The testing machine employed a mechanical drive giving a constant

amplitude of displacement. The first cycling tests were of value mainly for check-

ing techniques. The ability of the epoxy resin (glue) Joints to stand the desired

loads under cycling conditions has been determined and cycling tests have been run

for periods of two to three million cycles, The cycling speeds have been both slow,

six cycles per minute, and fast 1730 dy.cles per minute*

A numLar of interesting features have evolved from these exploratory experiments

with stress cycling of single crystals.

The attenuation as a function of the number of cycles of stress exhibits a form

that has been present in all of our previous results for polyarystalline aluminwil as

well. In particiLlar the attenuation decreases at first and reaches a minimum and then

increases as a function of number of cycles, and the minimum appears at about 1000 to

1500 cycles as shown in Figure 1. The cycling was done at the rate of 6 cycles per

minute initially* At the 6 cycle per minute rate the attenuation can be followed

completely by the automatic recording attenuation faeasdienerit'unit and the pairs of

triangles in Figure 1 show the maximum and minimum values of attenuation observed

during a given cycle,# The increase in attenuation following the mini-mum in the curve

is clear up to the point in Figure 1 marked "Rapid Cycling Started" at which point

the program of cycline was changed. Instead of continuing at the rate of 6 cycles

per minute the cycling was carried out at 1730 cycles per minute and the points-:n in

Figure I show only average values of attenuation because with rapid cycling the auto-

matic recording unit does not follow in detail; it simply records an average value.

At each value x,
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however, a pair of triangles appears also; this means that the rapid cycling was

stopped and the slow cycling was carried on for a period, sufficient to obtain the

data.

The start of rapid cycling obviously affected the trend that was being followed

with slow cycling alone. Beyond the point where rapid cycling was started it appears

that the attenuation increase was stopped and perhaps reversed as a consequence of

the rapid cycling, The minimum in the attenuation curve suggests that (as with the

polycrystalline samples discussed in previous reports) the decrease in attenuation

may be associated with a decrease in the dislocation damping because of increased

pinning whiOh may arise both from increased dislocation density and an increased

density of point defects produced during cycling. The decrease in dislocation damp-

ing loss as a function of cycling is eventually (around 1500 cycles) offset by an

attenuation increase which may be a scattering effect arising from strain regions

which could appear as a consequence of cyclic slip and the pile up of dislocations

against barriers to form regions of gradients in the elastic constants, hence scatter-

ing regions. It is clear that the accumulation of such scattering regions (if this

is the explanation) is much slower with single crystals than with polycrystalline

and less pure aluminum because the attenuation increases with cycling much more rapid-

ly in the latter case.,

It may be noted that this idea concerning scattering regions and the difference

between polycrystalline samples and single crystals can perhaps be tested to some

extent by coaparing an attenuation plot of the type of Figure I for cycling in a(lll*>

direction, with the same experiment in the <100> direction. The slip behavior for

cycling in the (11•> direction should approximate that for a polycrystal much more

closely than in a <100> direction. In other words the attenuation might be expected

to increase more rapidly in the region beyond the minim=m for cycling in a <111>

direction.
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Another feature of the dislocation damping changes that was examined in course

of the stress cycling was attenuation recovery. At various points the cycling was

stopped, and the attenmution decrease was observed as a function of time for periods

of some hours. The attenuation recovery (for periods of five minutes and ten minutes)

is shown in Figure 2 from 103 cycles to about 3 x 106 cycles. The amount of recovery

decreases appreciably but rather slowly with cycling as compared with previous ex-.

periments involving polycrystalline samples of low purity in which the recovery dis-

appeared more rapidly, and, in at least one case, disappeared altogether after 106

cycles. It is seen from Figure 2 that the rapid cycling does not appear to change

the amount of recovery very much although the attermation values (Figure 1) were

raised appreciably 'hen rapid cycling was started. The decrease in the amount of

recovery as a function of cycling fits with the wplanation given above in that dur-

ing the cycling the dislocations become pinned down to a greater extent and the dis-

location damping effects decreasee The subsequent increase in attenuation, if caused

by scattering, would not influence recovery directly, although ary new defects pro-

duced and capable of pinning would affect the rate and perhaps the amount of recovery.

Velocity meazuruzents were not made in the course of the cycling. The automatic

reodiing velocity measurement unit is not yet ready for wuch use. Velocity meas-

ura*nts 'woru, if available, help to establish the nature of the attenuation losses.

It should be recorded that during the cycling discussed here the load in tension

and in compression was 520 pounds per sq# inch for about 2 x 106 cycles at which ponLnt

the load was increased in about 17 steps from 520 psi to 2620 psi finally. This final

value of the load was roughly one and one half to two times the load that is usually

needed to break such a specimen in a static tension test.
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In addition to ultrasonic attenuation measurements, records were made of the

stress vs. strain relation during cycling at slow speed (6 cycles per min.). Strains

were measured by means of two SR-4 foil strain gages of one inch gage length cemented

to opposite faces of the specimen. Loads were determined from strain gages attached

to a ring dynamometer. The output of the strain and load gages was used to drive an

x-y recorder. Results of these measurements are shown in Figure 3 for the first few

load cycles, and for representative cycles at later stages in the test.

It was observed that the size of the hysteresis loop decreased at first with

cycling at constant amplitude and constant speed. The behavior is more easily ob-

served in Figure 4 where the width of the hysteresis loop (taken at zero load) is

shown as a function of number of cycles. For constant stress amplitude the width of

a loop is approximately proportional to the energy dissipated per cycle.

A comparison between the ultrasonic attenuation of Figure 1 and the plot of

hysteresis loop width as a function of the number of cycles in Figure 4 shows some

similarity. It is possible to argue that both types of measurement may be related

to one another through a dislocation damping mechanism. The two sets of curves show

a minimum and while not exactly at the same places they are roughly similar. At the

start of rapid cycling the attenuation (Figure 1) increased abruptly, but the hyster-

esis loop width remained unchanged. As the rapid cycling proceeded (beyond 105 cycleý

the loop width decreased to a value smaller than at the previous minimum (between 102

and 103 cycles).

Beyond about 2 x 106 cycles the load was increased so that the stress increased

from 520 p8s.i. to about 760 pos.i. and the test continued at the higher cycling rate.

The attenuation increased sharply as indicated by the final set of points in Figure 14

The hysteresis loop width also increased substantially as shown in Figure 3 and 4.
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After about 5 x 105 additional cycles the width of the hysteresis loop had decreased.

The load was increased in a series of seventeen steps to the final load corre-

sponding to a stress of roughly 2600 pas.i.. During the tests at higher stresses

the hysteresis loop became very much larger as shown in Figure 3. Attenuation meas-

urements for the cycling at the higher stress values are not shown.

It seems clear that increasing the load in successive steps during cycling

permits applying a much higher stress than would be possible either in static tension

tests or in cycling tests at constant stress.

Attenuation measurements made before this cycling test and 36 days after the

test show a final attenuation value slightly higher than the initial value (short lines

at, left and right in Figure 1) but much lower than the values attained during cycling.

In other words the single crystal still has a large amount of recovery after 3 x 106

cycles at the various levels and with rapid and slow cycling.

Finally in comnection with the stress cycling certain observations will be

made regarding the automatic attenuation unit and its use in observing the attenua-

tion during cycling in tension and compression. The attached chart in Figure 5

shows sections of the strip chart recording taken from the automatic recording

attenuation measurnment unit. This test was run mainly to check the techniques. At

various stages the load was increased. Initially the load was 25 to 30 pounds in

tension and an equal amount in compression. The load did not remain balanced in

equal tension and compression for the run of about 10,000 cycles, and the load was

increased a number of times during the run in order to find out what load the epoxy

resin (glued) joints would stand during cycling. The cycling was done at six cycles

per minute. The ultrasonic frequency was 10 mc/sec and compressional waves were

used.
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The changes in dislocation damping during the cycling are large and easily seen

from comparison of the maximum-minimum attenuation values (for example a change of

0.14 db per microsecond in first cycle) with later maximum-minLmum values (as for

example a change of only 0.02 db per microsecond after only 60-70 cycles).

It should be noted that the first quarter of the first cycle (chart) is in tension

between points marked (1) and (2) - ioe., sample is being loaded in tension. Between

points (2) and (3) the sample is still in tension but is being unloaded, and it is at

or near zero load at point (3)- At point (3) the attenuation has not returned to

point (1) because there has not been time for recovery to occur back to the attenua-

tion value at (1). The load is changing most rapidly at point (3) and from (3) to

(4) the sample is again being loaded but this time in compression, At point (4) the

load is changing relatively slowly from (maximum load in compression) to unloading.

The sample is again unloaded at point (5), and the whole cycle starts again. At

each odd numbered point the load is reversing direction in going from unloading to

loading in either tension or compression. At each even numbered point the change is

from loading, in either tension or compression, to unloading.

In the early stages of cycling in this test the cycles are clear and easy to

interpret; this is not the case in the later cycles because the loading in tension

and compression is no longer equal because of the shortcomings and inadequacies of

cycling equipment. It is clear from this and from much longer test described above

that for a given load the attenuation or dislocation damping dies out with continued

cycling just as in our early tests with relatively impure polycrystalline aluminumo
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5. Automatic Recording Velocity Measurement Unit

The Automatic Recording Velocity Measuremnt Unit has been designed with two

basic objectives in mind: (1) to be able to measure accurately and reliably the time

betwmm two repetitive (ultrasonic) signals (echoes) with a sensitivity of at least

I nanosecond out of 1O0/Asec (I part in 105) and (2) to make the measurement avail-
/1

able as a D. C. voltage capable of driving a recorder (either strip chart or X-Y) so

that dynamic changes in time that cannot be measured manually will produce a perm-

anent record that may later be examined in minute detail. Other important features

are that the system be independent of variations in repetition rate and time jitter

between the initiating pulse and the repetition rate generator.

The general block diagram for the device is shown in Figure 1. The exponentialUV

decaying group of echoes are coupled from the R. F. mixer of the attenuation unit

(at 60mc) into the matched 60 mc IF strips. The gain of each of these strips is

approximately 80 db with a bandwidth of 5mc, The detected output (Figure 2a) of each

IF strip is fed into a selector stage where all echoes except one are rejected. Since

the echo selecting delays are in series (the delayed output of #1 triggers #2), the

signal from selector #1 will always occur in time before the signal from selector #2a

(If the delay time of Delay #2 could be made zero, then the signals could be made to

ccinvi&e in time. In practice the delay of #2 is purposely restrained from capability

of being zero.) The selected echoes (Figure 2b) are next amplified (Figue 2c) and

shaped into triggers (Figure 2d). Shaped echo #I simultaneously triggers delay #3

(Figure 3c) and the V1Asec marker generator gate (Figure 3a). The marker generator

produces a 2001A sec burst of I/I sec markers (Figure 3b) which are coupled into the

marker selector. The output of delay #3 is also fed into the marker selector and makes

it possible to select any marker from the 2nd through the 150th (Figure 3d). This se-

lected marker is coupl6d into the Acnostable multivibrator section (Figure 4b,) of the

sawtooth generator (Figure 3d) as a "tbm on" trigger (Figure 4a).

The wsam" rises at the rate of 50 volts per microsecorL, Delay #3 is adjusted
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so as to select the marker which occurs in time between 1 and 2/A. sec before the 2nd

selected echoo The second selected echo (Figure 4c) is coupled into the sawtooth

generator as a "turn off" trigger and terminates the "saw" at a voltage between 50

and 100 volts. As the time relationship between selected echo #1 and selected echo

#2 changes, the amplitude to which thc "saw" rises changes directly (Figure 5a,b,c,d).

A peak detector converts the peak amplitude of the "saw" into a D. C. voltage which

is measured in the balanced VTVM and made available to external recorders. The VTVM

is a balanced device to allow the introduction of a 50 volt off-set voltage to com-

pensate for the first microsecond of operation of the "saw". This allows mea ememmts

to zero on the "zero to one microsecond"vernier, This would be impossible to obtain

on a linear basis if the sawtooth had to be measured back to a real zero voltage.

This means then that delay #3 must be calibrated properly to account for this "lost"

one microsecond& This is obviously readily accomplished. (A trivial limitation

introduced by this method of operation is that the minimum time measurement capability

is one microsecond rather than zero.) The total time between the two selected echoes

is obtained by adding the corrected digital reading of delay #3 and the analog read-

ing of the VTVM (or recorder). Under these conditions of operation of the analog

portion of the readout, 50 volts represents 1/ sec and the smallest time measurable

on a conventional recorder will be 10 nanoseconds. By adjusting the offset voltage

aid changing the ratio of the dividing resistors in the VTVM by a ratio of 1011 this

smallest measurable time increment can be changed to I nanosecond. Theoretically

this technique can be carried on for several more orders of magnitude of time read-

out sensitivIty. In reality jitter problems and linearity of the "saw" make this

difficult to do. It is hoped to be able to obtain 0.1 nanosecond sensitivity but

eperimental requirements will generally be satisfied with I nanosecond sensitivity&

Another section of the device which is necessary for satisfactory operation is
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the AGC systama Each selected echo is fed into an AGC system which controls the

gain of the appropriate IF amplifier and maintains the output of the IF amplifier

constant within I db over a 40 db range of imput signal. It is necessary to do this

because the time measuring system is sensitive to the amplitude of signal fed into

its Since the auplitude of the two selected echoes would change different amounts

under dynamic testing conditions, the AGO operation is required. (To make the appli-

cation of AGC successful in this device it is also necessary to have IF amplifiers

whose characteristics are not altered by the AGC voltage. We have succeeded in this

requirement to the point where we can observe no change in center frequency or bend-

width over a 40 db range of gain control (Figure 6 a,b,c,d,e). Neither does an arti-

ficial change of 40 db in signal level to one IF applifier produce a detectable change

in measured time on the vernier readout),

The final result obtained with all these electronic amplifiers, delays, selectors,

etc. is a device capable of measuring automatically with great sensitivity the time

between two echoese The measuring system is divorced from the basic sync circuits

generating the signal so that Jitter in the signal generating devices does not influ-

ence the measured v4ue. Since both measured echoes are generated by the same init-

ating R. F. Prase any change in shape or rise time in this pulse will not affect the

final measured valuew It should also be noted that the device is independent of the

frequency at which the R. F. system is operating which means it is useful frm approx-

imately 10 mc to indefinitely high frequencies.
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Figure 2
Echoes ind shaped echo waveforms
(a) sweep: 5 )Lsec/cm; sons: 2 volts/cm
(b) 1 " ivolt/cm
(c) " 50 volts/cm
(d) 0 25 volts/cm

Figure 3
Marker generator and selected marker waveformo
(a) sweep: 2 jU sec/car; sens:50 volts/en

(b) " 1" 00 volts/cm
(W) " ( " 0 volts/cri

Figure 4
Sawtooth and sawtooth trigger waveforms
(a) sweep: 1 JA sec/cm; sens: 20 volts/cm-

" " " 20 volts/cm
(C) " " 50 volts/cm
(d) " " 10 volts/cm

Figure 5
Sawtooth waveforms with various times
(a) sweep: 1 jAsec/cm; sens: 25 volts/cn

analog time: 1000 ns
(b) " sens: 25 volts/cm

analog time: 600 ns(c) " sens: 23 volts/cm
analog time: 200 ns(d) " sens: 25 volts/cr.L
analog time: 1000 ns

Fig.ure 6
IF response curves at var ouq sensitivities
(a) sweep: 4 mc/cm;iF gains max.
(b) "-0 db
(C) " " -20 db
(d) " -30 db
(e) " -40 db
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